Tissue injury may bring up the systemic participation of bone marrow stem cells in the repair. In this study, we report that substance-p is a systemically acting messenger to mobilize mesenchymal stem cell (MSC) probably from the bone marrow and be engaged in the wound healing process. This was supported by the injury-inducible substance-p detection in the tissue and the peripheral blood and subsequent MSC mobilization in the alkali-burn rabbit eye model, whose kinetics were dependent on the wound size. Furthermore, i.v. injection of exogenous substance-p stimulated MSC mobilization in the uninjured rabbits and those mobilized cells showed multipotent differentiation capacity. We demonstrated that earlier substance-p elevation in the circulation by substance-p injection or transfusion of autologous PKH-labeled MSC mobilized by substance-p strongly accelerated the wound healing of the alkali-burned rabbit eye and the transfused MSCs were engrafted to the epithelial and stromal layer of the injured tissue, suggesting their epithelial transdifferentiation in the regenerating tissue. Finally, we showed that substance-p stimulated transmigration of human MSC with concomitant induction of MMPs and inhibition of their inhibitors, cell proliferation, ERK1/2 activation, and nuclear translocation of β-catenin in vitro. In conclusion, substance-p plays a role as a systemic wound-messenger to promote the MSC mobilization from the marrow and their participation in the wound healing possibly through its stimulant effect on MSC repopulation as well.
Introduction
Tissue injury may create a unique and specific wound microenvironment composed of cytokines, chemokines, growth factors, and neurohormones, which are released from the surrounding epithelium, stroma, sensory neuron, and peripheral blood due to the injury (1, 2) . Some of them are known to activate inflammatory response. Others, yet to be identified, may play roles as injuryspecific endogenous factors, which can be sensed by the bone marrow (BM) cells or neighboring cells that in turn stimulate their migration to the damaged tissue and promote structural and functional repair.
Many previous reports strongly suggest that BM-derived cells, either by endogenous mobilization or transfusion, are actively involved in the repair of tissue injury such as myocardiac infarction (MI) (3) (4) (5) (6) , lung injury (7, 8) , skin wound (9-11), and liver injury (12) . Mainly, it was explored in the context of intravenous supply of exogenous G-CSF or GM-CSF to stimulate circulatory mobilization of endothelial precursor cells (EPC) (13) , HSC (14) , and MSC in the ischemic MI, and stromal cell-derived factor-1 (SDF-1) dependent EPC homing to the injured tissue (15, 16).
In the bleomycin-induced lung injury, transfused BM-MSC was shown to be transdifferentiated into specific and distinct lung cell phenotypes (8) . Thus BM-MSC has been already anticipated for their homing to the injured site and subsequent tissue-specific transdifferentiation.
Even though BM-MSC was highly anticipated not only in the mesenchyme tissue repair but also in other epithelial or neural tissue, endogenous factors specific for their mobilization from the BM and homing to the injured site have not been reported yet. However, recent reports such that MSC or MSC like cells are frequently detected in tissues other than the BM such as fat tissue (17), wound healing tissue (18, 19) , and pterygium (20), strongly suggest the existence of certain endogenous factors governing MSC trafficking from the BM to the peripheral tissue. Those factors may be transiently stimulated during the period of the tissue injury and repair or under the certain patho-physiological condition.
Substance-p (SP) is an 11 amino acid neuropeptide encoded by the preprotachykinin-1 (PPT-1) gene and has the same peptide sequence among the mouse, the rabbit, and the human (NCBI access #M68909, X62994 and In this study, we report that SP was an early injury-inductive factor detected in the injured tissue and subsequently in the peripheral blood (PB) after the alkali burn injury on the mouse and rabbit eye and its induction kinetic in the circulation was dependent on the wound size. In order to address the SP's role as a systemic wound messenger to mobilize MSC, this function of SP was injuryindependently proved by i.v. injection of exogenous SP and subsequent MSC mobilization in uninjured mice as well as rabbits. Furthermore, SP's stimulatory role in the wound healing in accordance with its role in the MSC mobilizer from the BM was independently proven based on the accelerated wound recovery from the alkali-burn on the rabbit eye either by SP i.v. injection just after the injury or by autologous transplantation of SP-dependently mobilized MSC (MSC sp ). In addition, SP's mechanism on the MSC mobilization and MSC repopulation in the BM was further explored in the human MSC.
Results

SP as an early injury-inducible factor detected in the injured tissue and in the circulation
Injury-inducible factors in the injured tissue were analyzed in the alkaliburned murine eyes by RT-PCR analysis (Fig. 1a) . SP, IL-1, TNF-α, hypoxiainducible factor 1α (HIF-1α) and VEGFR1 were expressed in the injured eye from 1 day, SCF and Placental growth factor (PIGF) from 3 day, and VEGFR2 from 14 day.
For systemic analysis of their inductions, ELISA was carried out in the PB sample (Fig. 1b) . Among the early injury-inducible factors detected in the injured eye, the SP peptide was increased 3.2 folds in the PB on 1 day, 4.4 folds on 3 day, and 1.3
folds on 5 day, comparing to the uninjured control. IL-1 and TNF-α, inflammatory cytokines, were also elevated but later and smaller than those of SP. By immunohistochemical staining with SP Ab, CD29 Ab, and α−SMA Ab, SP peptide was strongly detected in the early injured tissue on 1 day but disappeared mostly on 3 day, suggesting its earlier regression in the injured tissue than the termination of the inflammatory phase ( Supplementary Fig. 1a online). In the fibroplasia phase of injured tissue, actively migrating large CD29 + and α-SMA + fibroblastic cells were detected among inflammatory cells ( Supplementary Fig. 1b online) . Fig. 2c online), probably corresponding to MSC. This result strongly suggests a yet unidentified role of SP as a MSC mobilizer.
SP-specific mobilization of CD29
Then, alkaline phosphatase (AP)-conjugated SP peptide was i.v. injected to explore the tissue origin of the mobilized CD29 + cells and then AP activity was measured in the attached cells of the BM flush ( Fig.1 d) . Strong AP activity was detected among live attached cell clusters of the BM flush at 2 h and 4 h post injection, which corresponded to the CD29 + cell clusters based on subsequent immunocytochemical staining with CD29 Ab after the cell fixation (Fig. 1e) . The AP activity detected in the BM flush was contributed by AP-conjugated SP bound to the CD29 + cell clusters in the BM flush since SP treatment to cultured human MSC did not stimulate any AP activity ( Supplementary Fig. 3 online) . Thus, the i.v. injected SP reached to the BM and bound to the CD29 + cells at least within 2 h post injection even though the CD29 + cell mobilization was obvious at 1 day post injection in the mouse.
Correlation of the wound-size with SP induction kinetics and subsequent
CD29 + cell mobilization
If the injury-inducible SP rise in the PB plays a role as a wound messenger, the larger wound may induce the more and the faster SP rise in the PB. In order to test this hypothesis, rabbits were alkali-burned either on one site per eye (two wounds per rabbit, n= 5 per group) or two sites per eye (four wounds per rabbit, n= 5 per group) and the SP level in the PB of the same rabbit was sequentially monitored up to 72 h post burn (Fig. 2a, b) . In contrast to the gradual SP elevation in the PB of one wound per eye, two wounds per eye showed maximal level of SP induction even at 1 h post burn, whose level sustained up to 3 day observation period. Thus if the bigger the injury was made, the earlier and higher SP induction in the PB was achieved.
Effect of the wound size-dependent SP rise on the CD29 + MSC mobilization kinetic was examined by measuring initial time and magnitude of CD29 + cell mobilization in the PB from the 10 ml PB of the same rabbit sequentially, 3 day, 5
day, and 7 day post burn (Fig. 2c) . In all the five rabbits with one wound per eye, no CD29 + cell was detected in the PB until 5 day post burn but its mobilization became obvious 7 day post burn (Fig. 2c) and got bigger 9 day post burn (Fig. 3e) . However, in all the five rabbits with two wounds per eye (total four wounds per rabbit), the CD29 + cell mobilization was clearly observed on 5 day, sustained up to 7 day (Fig. 2c) , and got attenuated 9 day post burn (data not shown). Among them, four rabbits except one showed higher CD29 + cell mobilization on 5 day than 7 day post burn. Thus the SP induction kinetic (time for maximal induction and duration)
is determined by the wound-size (Fig. 2b) , which in turn positively affects the start time and possibly the magnitude of the CD29 + cell mobilization with the 4-5 days lag after maximal SP peak in the PB.
Characterization of CD29 + cells in the PB mobilized by SP injection
SP injection in the uninjured rabbit, similarly to the mouse data ( Fig. 1) , was sufficient enough to mobilize CD29 + cells in the PB at least within 3 days without stimulation of CD29 -CD45 + macrophage mobilization (Fig. 2d) , approximately 80 folds than in the PBS-injected rabbits (Fig. 2e) . In contrast, HSC-CFU in the PB was stimulated approximately 2 folds (Fig. 2f) . After 4 week culture, all the CD29 + attached cells expressed keratin 3 (K3), CD29, and α-SMA (Fig. 2g, h ).
Unexpectedly, SP-dependently mobilized CD29 + , CD45 -, α-SMA + fibroblastic cells expressed K3, previously known to be a corneal epithelial specific marker, whose expression was also confirmed in the Stro-1 + human MSC ( Supplementary Fig. 4 online (Fig. 2b) . SP injections markedly accelerated the burn recovery as judged by the regain of the surface transparency and the disappearance of hemorrhagic regions in the limbus and conjunctiva ( Fig.  3a) and by the histological observations showing full thickness coverage of epithelium, well organized vasculature, and ordered array of dense collagen bundles, which were closely resembled with those of collateral unburned side of the same eyes except the still presence of macrophages and polymorphonuclear giant cells just beneath the limbal epithelium, comparing to the PBS-injected burn control (Fig. 3b) . In contrast, the PBS-injected burn control showed only very thin coverage of epithelium, active infiltration of large CD29 + fibroblastic cells and loose unorganized collagen fibrils in the stroma, which was similar to the histological observation on 5 day in the SP injected group (data not shown). SP injection accelerated the initial time of the CD29 + , α-SMA + double positive cell mobilization at least 3-4 days earlier than in the PBS-injected burn control ( Fig. 3c) (Fig. 2b,   c and Fig. 3c ) and also the wound healing rate (Fig. 3a,b) . We investigated whether SP injection doses can control MSC mobilization (Fig. 3e, f) as well as the wound healing rate ( Supplementary Fig. 5 online) or not. Only at the SP-dose of 5.0nmole/kg, CD29 + cell mobilization started from 3 day post burn, at the 0.5nmole/kg and 0.05nmole/kg from 5 day, and from 7 day in PBS-injected burn control ( Fig. 3e) (Fig. 4) . MSCs sp transfusion accelerated the wound healing similarly to the SP-injected group but much faster than in the PBS-injected burn control (Fig. 4a) . Full coverage of epithelial layer, similarly to that of the unburned side, was achieved both in the SP-injected and in the MSCs sp transfused rabbits, comparing to the impaired coverage of the epithelial layer of the burn control. Loosely aggregating cells apposed between the epithelial layer and the stromal layer of the limbus were frequently detected in the transfused group (Fig. 4b) , suggesting active upward insertion of the transfused cells from the stromal region into the epithelial layer.
PKH-labeled transfused cells were brightly detected in all the epithelial layers as well as in the stroma of the regenerated tissue, depending on the degree of the healing rate ( Fig. 4c) but no PKH-labeled cell was detected in the uninjured collateral side (Fig. 4d) . Among the PKH-labeled cells in the tissue, those in the stroma still expressed α-SMA but those incorporated in the epithelial layer were negative in α-SMA expression ( 
SP-stimulated cell proliferation, ERK1/2 activation, and nuclear translocation of β-catenin in human MSC
If SP retains only the capacity of MSC mobilization from the BM, the BM stroma may become empty in the MSC pool after their mobilization. Thus, the SP effect was examined in the cultured human MSC at the aspect of cell proliferation and self-renewal capacity (Fig. 6) . SP increased the number of viable cells ( Fig.   6a ) and BrdU incorporating cells (Fig. 6b ) in a dose dependent manner. Then, it was investigated whether the ERK-1/2 activation is involved in the SP-stimulated cell proliferation or not ( Fig. 6c-e) . When SP was treated at the same time with fresh MSCGM change, ERK-1/2 activation was observed in both control culture and SP-treated culture at 15 min and 30 min but was sustained up to16 h post treatment only in the SP treated culture, indicating that the serum-stimulated ERK-1/2 activation, overlapped at earlier time with SP-stimulated one, had completely returned to the basal level at 16 h but the SP-stimulated effect still remained ( Fig.   6c) . In order to investigate the ERK1/2 activation contributed only by SP treatment without overlapping ERK1/2 activation by the fresh medium change at early time point, SP was treated to human MSCs at 24 h after the fresh medium change, corresponding to the time when the serum-stimulated ERK-1/2 activation has been regressed to the basal level. Then, the time course of ERK-1/2 activation was reexamined ( Fig. 6d) . The SP-stimulated Erk-1/2 activation was initially detected at 30 min and regressed to basal level at 1 h and then much bigger ERK-1/2 activation reappeared at 16 h and again at 48 h, both of which were suppressed by MEK inhibitor PD98059 (Fig. 6e) . This late and biphasic pattern of ERK-1/2 activation was probably not due to the SP-stimulated up-regulation of NK-1R in human MSC (Fig. 6f) or the persistent presence of SP in the culture medium ( in the BM to refill up the BM stroma. This is the first report that SP is a systemically acting wound messenger starting from the injured site, then to the circulation, and finally to the BM in order to mobilize the MSC from the BM stem cell reservoir into the circulation and to recruit to the injured area for tissue repair.
The SP, as a systemic messenger of the tissue injury, seems to be very specific to MSC mobilization. We demonstrated that the SP level in the PB is injuryinducible in the mouse (Fig. 1a, b) and also dependent on the wound size in the rabbit (Fig. 2b) and this injury-inducible SP or exogenous SP regulates MSC sp mobilization kinetic (Fig. 2c, d and Fig. 3c, e) . The specificity of SP on the MSC mobilization was shown by the data that exogenous SP treatment did stimulate HSC mobilization only 2 folds, comparing to 80 folds induction in MSC mobilization (Fig. 2e,f) and also did not stimulate macrophage mobilization ( Fig. 2d and Fig.   3d ). Furthermore, MSC mobilization in the PB seems to attenuate HSC-CFU increase in the PB which is probably stimulated by the injury itself (Fig. 3g) . All of those data strongly support that the SP is a specific MSC mobilizer.
The SP peptide at the early wound site may be initially provided by the corneal resident cells such as the trigeminal sensory neuron, epithelial cells, keratocytes, and endothelial cells but not by the infiltrating neutrophiles or macrophages since SP was detected at early stage of the inflammatory phase, disappeared in the injury site, and reappeared in the fibroplasia phase mainly among the migrating epithelial cells, endothelial cells and fibroblastic cells (Supplementary Fig. 1 online) . The wound size-dependency of SP kinetic in the PB (Fig. 2b) Furthermore, SP-stimulated nuclear translocation of β-catenin and cell proliferation (Fig. 6 ) strongly suggest a more extended role of SP in the control of the MSC pool in the BM. These may also be important for the MSC repopulation after their mobilization as well as their ultimate feeder roles in the maintenance of hematopoietic microenvironment in the BM. Therefore, the systemic neuro-immune modulation from the injury inducible SP on hematopoiesis also has to be reconsidered in addition to its reported function on neuro-immunune modulation through the direct contact with SP nerve fibers (42).
The CD29
+ attached fibroblastic cells in the PB, which were mobilized by exogenous SP injection ( Fig. 1c and Fig. 2d, e) or the injury inducible endogenous SP (Fig. 2 c) , were MSCs probably derived from the BM. Our data of iv injected AP-conjugated SP's binding to the CD29 + cell clusters of the BM flush 2 h post injection (Fig. 1d,e (Fig. 2g,h and Supplementary Fig. 2 online) and multi-potent differentiation capacity (Fig. 2i ) strongly support that those CD29 + cells in the PB were MSC mobilized probably from the BM. However our data of constitutive K3 expression in the circulatory CD29 + cells (Fig. 2g.h ) and their preferential integration into the entire epithelial layer of the injured tissue after the transfusion (Fig. 4c) were not previously expected as known characteristics of MSC from the BM. This epithelial integration might occur through two events of the cell fusion and/or transdifferentiation as shown in the injured airway epithelium (43), the lung injury (7, 8) , liver injury (12), and skin injury (9-11) but was not explored in detail in this study since molecular probes are quite limited in the rabbit. However, For rabbits, the alkali burn was made with the circular filter paper (6 mm diameter) soaked in 1N NaOH for 10 seconds (Fig. 2a) and as previously described(18).
Materials and Methods
Materials
RT-PCR analysis
The RNA was isolated from the alkali burned mouse eye by Trizol (Cat # 15596-026, Invitrogen, Carlsbad, CA). A total of 1μg RNA was reverse transcribed (RT) using a reverse transcription-polymerase kit (Takara), which was followed by PCR using mouse gene-specific primers: For the rabbit MSC sp , the RNA isolation and RT-PCR were followed as described above using rabbit gene-specific primers: As a positive control, the same induction was applied to human MSC.
Autologous MSC sp transfusion
The SP-stimulated mobilized cells were isolated from the 3 day PB of unburned rabbits and were individually cultured for 4 weeks. 
In vitro cell migration assay
The type I collagen gel matrix was made within a 12 mm millicell membrane (12-μm pore size) according to the manufacturer's specifications (Nitta gelatin, Japan) and coated overnight with type lV collagen (Nitta gelatin). The MSCs were plated on top of the collagen gel. SP and human specific NK-1R blocker, L732138 (100 nM) were treated either in the upper or the bottom chamber. The clearance of the collagen gel was examined. The millicell inserts were fixed 3 day, and stained with H&E. The culture supernatants were saved for the gelatin zymography.
Gelatin zymography
The culture supernatant was resolved in the 8 % SDS-PAGE under non reducing condition, the gel was renatured with 2.5% Triton x-100 to order to remove the SDS, incubated with a developing buffer (50 mM Tris-HCl, pH 7.2 100 mM NaCl, 20 mM
CaCl 2 ) at 37°C overnight, and the gel was stained with Coomassie blue. (Biorad). The pellet was washed three times with an immunoprecipitation buffer (150 mM NaOH, 50 mM Tris-HCl pH 7.4, 0.2% SDS and 0.5% Nadeoxycholate), once with a high salt buffer (10 mM Tris-HCl, pH 7.4, 0.5 M NaCl), and once with a low salt buffer (10 mM Tris-HCl, pH 7.4). After SDS-PAGE, the gel was soaked in 2 M sodium salicylate, dried, and exposed to the X-ray film for 2 weeks. For immunoprecipitation of MT1-MMP, membrane bound MMP-2, TIMP-2, and TIMP-1, the cell lysate was incubated with specific primary antibodies and the remaining procedures were the same as described above.
Metabolic cell labeling and immunoprecipitation
Western blot analysis
Human MSCs were lysed with the lysis buffer containing 50 mM sodium vanadate.
After SDS-PAGE, the proteins were transferred to a nitrocellulose membrane at 
